To validate a new three-dimensional (3D) colour flow method used to calculate cardiac output (CO) in aortic and mitral blood flow.
Introduction
Stroke volumes in the distal left ventricular outflow tract can be calculated from two-dimensional (2D) echocardiographic measurements of the subvalvular diameter and the velocity time integral (VTI). These calculations assume a flat velocity profile and a circular outflow tract (LVOT) [1] . Several studies have shown non-uniform velocity profiles in the LVOT [2] [3] [4] . The 2D pulsed wave (PW) Doppler method is angle-dependent and measurement of the angle between the Doppler beam and the blood flow is difficult [1] . Further, blood flow velocities are sampled at a fixed depth throughout the cardiac cycle. The aortic annulus moves in the opposite direction during the systole and the resulting missing volume is not added to the stroke volume. Finally, calculation of the subvalvular diameter assumes a circular shape and errors in diameter measurements are squared.
Non-invasive measurements of mitral blood flow also have a number of difficulties; the biphasic diastolic filling, variation of effective flow area, the nonuniformity of the blood flow velocity profile [5] and the diastolic movement of the AV plane [6] . Several methods have been proposed to deal with some of these issues. The automated cardiac output method (ACM) introduced a method less sensitive to the variations in the blood flow velocity profile and the angle dependency of the Doppler beam [7, 8] . An angle-independent multiplane method to measure volumetric flow has also been described by Poulsen et al. [9] . The principle of the angle independence of the Doppler beam is illustrated in Figure 1 .
Kim et al. have validated this concept by comparing measurements of volumetric mitral flow using multiplane colour Doppler imaging to thermodilution [10] and MRI [11] . We used a new freehand 3D-colour flow imaging method that has recently been described [12, 13] . The purpose of this study was to compare calculations of CO by using the 3D-colour flow method at the mitral flow area with measurements in the aortic annulus. Threedimensional aortic and mitral volumetric flow was also compared to the conventional echocardiographic method (2D PW) in the LVOT.
Methods

Equipment
A digital ultrasound scanner (System Five, GE Vingmed Ultrasound, Horten, Norway) with a 2·5 MHz phased array transducer was used for all echocardiographic measurements. A magnetic locating device (Flock of Birds, Ascension Technology Corporation, Burlington, VT, U.S.A.) continuously recorded the spatial position and orientation of the transducer during the recording. This system consisted of a tramsmitter that generated a magnetic field. The transmitter was located 25-60 cm from the sensor, which was mounted on the transducer. These elements were connected to a control unit, which in turn was connected directly to the scanner. The control unit recorded the position of the sensor and the spatial position of each recorded frame, which was stored in the digital replay memory of the scanner. Digital raw ultrasound data were transferred to an external standard PC (Pentium II processor, 256 MB RAM). Scanconverting and further processing were performed with a prototype version of the EchoPAC-3D software (GE Vingmed Ultrasound, Horten, Norway) [14] and MATLAB (The MathWorks, Inc., U.S.A.).
Data Acquisition and Processing
Recordings of tissue were obtained by second harmonic imaging mode with a transmit frequency of 1·7 MHz. For colour flow imaging, the centre frequency of the transmitted pulse was 2·5 MHz.
The subjects were examined in the left lateral decubitus position. The subject rested 15 min before blood flow velocities were recorded. Prior to the 3D recordings, CO was measured by the 2D PW Doppler method. The diameter of the aortic annulus was measured close to the insertion of the aortic valve visualized in a parasternal long axis view. Blood flow velocities were obtained from the centre of LVOT as described by Rossvoll et al. [2] . Modal velocities were traced in the Doppler spectrum and the velocities under the curve were integrated giving the velocity time integral (VTI). CO was calculated by averaging three to five heartbeats.
To reduce cardiac movement while acquiring 3D data, recordings were done in passive-held end expiration. Images and velocities were acquired from the transthoracic apical position in the five-chamber view. The sector angle was set to a minimum and the colour flow sector was minimized to obtain as high a frame rate as possible, but large enough to cover the LVOT or the mitral valve. The transducer was tilted in a fanlike manner from the posterior wall toward the anterior, or vice versa, during 10-20 cardiac cycles to cover the entire flow area. For each frame, the sensor position co-ordinates, the digital ultrasound data and the ECG signal were stored in the digital replay memory. In EchoPAC-3D, frames with the same temporal delays relative to the R-wave in the ECG signal were used to reconstruct 3D volumes throughout the cardiac cycle. Typically, an aortic recording obtained at 59 frames/s and heart rate of 61 beats per minute resulted in 17 
Aortic Flow
A spherical cross-sectional surface (Fig. 2 ) was positioned at the level of the septal insertion of the aortic valve identified in start systole and kept at this depth throughout the systole (method A). Velocity vectors perpendicular to the surface and thus aligned with the ultrasound beam were extracted from the 3D data and reorganized into 2D slices (Fig. 3) for consecutive time intervals. In the same manner, a spherical surface 0·5 cm proximal to the annulus was applied (method B).
In addition, we placed a spherical surface at the level of the annulus in the start systole and end systole. By interpolating levels between these extremes, the spherical surface tracked the aortic annulus throughout systole. The velocity of this movement was calculated and added to the blood flow velocities. This was done by measuring the movement of the aortic annulus during systole and the corresponding time interval (method C). In this way we compensated for the underestimation of blood flow velocities, since the annulus moves in the opposite direction of the fixed PW measure point during systole.
In the 2D slice reconstruction (Fig. 3) we defined a region of interest (ROI) at the onset of systole and at the end systole, interpolating the slices in between, thus enabling us to remove blood flow velocities from surrounding vessels. In the MATLAB program the tissue and Doppler signals were filtered, and aliased blood flow velocities baseline shifted according to Berg et al. [13] . All velocity vectors perpendicular to the cross-sectional surface in each time step were integrated, giving the total blood flow.
Median frame rate in the 18 3D recordings was 59 (range 45-66) frames/s. Median temporal resolution was 17 (range 15-22) ms. The jitter artefact, defined as timing error between two consecutive slices due to lack of synchronization between the ECG trigger and the image sampling, ranged from 7·6 to 11 ms.
To investigate the repeatability of analyses, we conducted an intra-observer study. We repeated the CO calculations from the first 12 recordings at the fixed level of the aortic annulus in MATLAB twice. An interobserver study was also performed in MATLAB in the 10 first subjects.
Mitral Flow
The method was modified to enable volumetric calculations of the biphasic mitral flow. In EchoPAC-3D, the start of the heart cycle was set to 300 ms before the R wave in the ECG. A measure surface was positioned at the mid-level of the medial part of the mitral valve, i.e. 1 cm proximal to the mitral ring, and tracked the mitral valve throughout diastole. The E and A waves in mitral blood flow were treated separately. The movement of the mitral valve plane during the E wave was not uniform, and to compensate for this a surface was manually placed at the start, middle and end of the E wave. The surface depths were interpolated to enable movement of the surface. The start of the early wave of mitral flow was determined by the valve opening and ended at the end of the annulus movement with partly valve closure and no visible colour flow. A similar procedure was repeated during the atrial systole; the only difference was that the surface depths were interpolated between start and end of atrial flow. The first and the last frame with visible colour flow determined the atrial systole. Blood flow velocity vectors were extracted from the 3D data and reconstructed in 2D slices, as illustrated in Figure 4A and 4B. In MATLAB, the velocity of the valve movement was added to these vectors and were integrated over time to calculate volumetric flow.
Median frame rate was 46 (range 41-47) frames/s. The temporal resolution was median 22 (range 21-24) ms and jitter artefact was median 11 (range 10·5-12) ms.
An intra-and interobserver analysis was conducted by repeating analysis of the first 11 recordings obtained by 3D mitral colour flow imaging in MATLAB twice.
Subjects
Recordings were acquired from 24 subjects, 16 men and eight women with no history of cardiac disease. Median age was 26·5 (range 19-48) years. All volunteers were in sinus rhythm and gave informed consent to participate in the study. The institutional committee on human research approved that the study was in accordance with the Helsinki declaration.
Aortic Recordings
One of the subjects was excluded due to unstable electrocardiogram (ECG) and five due to poor 3D image quality. Thus, recordings from 18 were analysed to calculate CO. In addition, in one of the subjects analysis of velocity vectors from a fixed surface at the level of the aortic annulus were excluded prior to CO calculation in MATLAB, due to poor 3D-image quality. 
Mitral Recordings
Three-dimensional mitral flow reconstruction was possible in 19 individuals and was compared to pulsed Doppler in the LVOT. The rest was excluded due to unstable electrocardiogram (ECG) or poor 3D image quality. Due to mismatch in successful 3D recordings of mitral flow vs. aortic, only 15 recordings were available for this comparison.
Statistics
The results were evaluated according to Bland and Altman, i.e. the difference between the two methods were compared with the average of the same two [15] . The results were given as mean of differences two standard deviations (SD). Paired t-test was used to compare the difference in heart rate and the mean difference between the 3D methods and the 2 PW Doppler method. The level of significance was chosen at P<0·05. The coefficient of variability was defined as two SD.
Results
Aortic Flow
The range of agreement between method A and the 2D PW Doppler method was 0·2 1·7 l/min (mean 2 SD). Between method B and the 2D PW Doppler method it was 0·3 1·5 l/min (mean 2 SD), and between method C and the 2D PW Doppler method 0·7 1·7 l/min (mean 2 SD). Plots of the difference between the methods and their mean are presented in Figure 5a -c. According to analysis, in the 10 first recordings in method C the missing volume corresponded to 9% of CO (95% CI: 0·4-0·5) l/min).
There was no difference in heart rate during the recordings. Median heart rate during 2D PW Doppler recording was 63 beats/min. Median heart rate during 3D recordings was 61 beats/min. 95% confidence interval for the difference in heart rate was ( 5·1-2·3).
Intra-observer: the coefficient of repeatability was 0·6 l/min. One clear outlier was excluded (mean difference of 2 l/min). Inter-observer: the coefficient of repeatability was 0·9 l/min.
Mitral Flow
The range of agreement between 3D mitral and 3D aortic flow was 0·04 1·32 l/min (mean differences 2 SD), and between 3D mitral blood flow and the 2D PW Doppler method in the LVOT it was 0·88 1·64 l/min (mean of differences 2 SD).
Plots of the difference between the methods and their mean are presented in Figure 6a and 6b.
The volume due to movement of the valve plane during diastole constituted 11% of the total volume. An example of conventional 2D PW Doppler from the LVOT compared to 3D aortic and mitral flow with and without the volume represented by the valve plane movement is presented in Table 1 . There was a significant difference in mean CO between 3D mitral There was no significant difference in heart rate between the recordings of 3D mitral-and 3D aortic flow: P=0·44 and 95% CI 6·6 to 0·98.
There was a significant difference in heart rate between the recordings of 3D mitral flow and the 2D PW Doppler method in the LVOT: P=0·03 and 95% CI 7·6 to 0·5. Intra-observer: the coefficient of variability was 0·4 l/ min, with no bias. One clear outlier was omitted. Interobserver: the coefficient of variability was 0·7 l/min. One clear outlier was omitted (the same as in the intraobserver study).
Discussion
In this study, a transthoracic 3D-colour flow method, using a moving sampling surface, has been used to measure volumetric aortic and mitral flow. The 3D method has several advantages compared to the conventional 2D PW Doppler method. The 3D method is angle-independent, and assumptions about geometry or the blood flow velocity profile are not necessary. Possible errors in measuring a correct subvalvular diameter are avoided. The acquisition time was short, approx. 20 s, and by using digital raw data acquired at high frame rate, better temporal resolution than video based 3D systems is ensured [12] . By using a magnetic locating device combined with high frame rate imaging, allowing the transducer to be freely tilted over the region of interest during acquisition of digital raw ultrasound data, a full 3D dataset was obtained. The 3D freehand method using the Bird system enables manual correction during a recording to maintain optimal acoustic accesses.
The only significant bias was observed, as expected, where the 3D-measure surface followed the aortic annulus or the AV plane and comparisons were made with the 2D PW method. The missing volume due to the aortic annulus movement during systole was not added to the 2D method. This volume constituted 9% of the CO according to our results. Similarly, the relative velocity of mitral blood flow is the sum of the blood flow velocity and the rate of mitral annulus recoil toward the atrium. As the mitral annulus moves in the opposite direction of inflow, the inflow will be underestimated using a fixed measure surface. Several investigators have commented on this limitation to previous ultrasound methods [6, 10, 16] . Kim et al. calculated this underestimation to be 7% of cardiac output [10] . In our study it was 11% in healthy subjects. In fact, 11% of the total 16% in mean difference between the 3D mitral flow and the 2D PW method in the LVOT can be explained by the volume represented by the movement of the valve plane. By excluding this volume, there was no significant bias between 3D mitral vs 2D PW Doppler estimates of CO.
Another possible reason for the observed bias is the angle dependency of the 2D PW Doppler method.
A problem in validation of new cardiac output methods is the lack of a 'gold standard'. We chose to compare our 3D CO measurements with a conventional 2D PW Doppler method that is used by several groups and is the standard method in our hospital. The precision of this method has been described previously [17, 18] . A range of agreements similar to our results has been reported in studies validating the 2D PW Doppler method in the LVOT vs. thermodilution [19] . The freehand 3D-ultrasound imaging technique has been highly accurate in calculations of volumes in water filled balloons [12] but has not been tested in roller pump models. However, by applying the method to volumetric measurements of both mitral and aortic flow in subjects without valve regurgitation, a close agreement would favour the accuracy of the method. Our method yielded a range of agreement between 3D mitral flow and 3D aortic flow of 0·04 1·32 l/min (mean of differences 2 SD).
A number of 2D ultrasound methods have been proposed to measure volumetric flow [1, 22, 23] . However, all made assumptions about the effective flow area and the velocity profile that exhibit significant interindividual variations [5] . Further, in the previous methods fixed sample volumes were used. Lewis et al. used PW Doppler in the mitral annulus vs. PW Doppler in the LVOT which yielded a range of agreement in CO measurements of 0·14 1·28 l/min (mean of differences 2 SD) in healthy individuals (based on data from Table 1 , n=24 patients without valve regurgitation) [23] . Several investigators have reported good results by integrating velocity vectors perpendicular to a spherical surface, a principle that we have applied to a 3D freehand method. Tsujino et al. [20] described the principle and applied it to large vessel phantoms. Sun et al. [21] applied this principle to the human LVOT in vivo in two orthogonal planes and found that measurements correlated well with the Fick oxygen method.
The ACM introduced a method less sensitive to angle errors and assumptions of the velocity profile but the sample volume remained fixed throughout diastole, as in the other mentioned methods. Further, recordings were obtained from two-and four-chamber views and averaged [8] . Van Camp et al. [24] used the ACM. Their study yielded a range of agreement between mitral flow and flow in the LVOT of 0·26 1·26 l/min (mean of differences 2 SD) using two imaging planes. Sun et al. reported a higher agreement between mitral and aortic flow using the ACM method: 0·09 0·84 l/min (mean of differences 2 SD) [8] . As mentioned previously, Kim and Paulsen proposed an angle-independent multiplane colour flow method in which blood flow velocities were integrated across a spherical surface similar to our method. They used rotating stepper motor probes and asynchronous sampling of blood flow acquired at low frame rate [10, 11] . The probe must be kept at the same position during the recording to avoid artefacts in the reconstruction of the 3D volumes. In one study they compared a multiplane method in mitral flow to MRI in the aorta ascendens in healthy individuals. The range of agreement was 0·21 0·83 l/min (mean of differences 2 SD) [11] .
Limitations
All the recordings in our study were acquired before any evaluations of the 3D reconstruction were done. Thus, if the 3D reconstruction had been evaluated on-line, or off-line immediately after scanning each subject, a higher rate of success would have been achieved as a new, and presumably better, recording could replace the corrupted recording. It may be difficult to cover the region of interest due to limited access between the ribs. Combination of several 3D scans may solve this problem. Colour flow can be adjusted by various machine settings. By varying tissue gain, reject, compress and tissue priority to their extremes, overestimates in CO relative to the initial setting were maximum 67%. However, such adjustments were obviously wrong, as tissue velocity signals were interpreted as flow, or vice versa, as shown in Figure 7 . Nevertheless, some of the variability 210 B. O. Haugen et al.
in our measurements of CO may be attributed to adjustment problems. The proposed algorithm to unwrap aliased velocities by Berg et al. [13] led to some loss of low blood flow velocities. To avoid aliasing, it is important to increase the pulse repetition frequency.
The method was not suitable to investigate persons with irregular RR intervals, such as atrial fibrillation, as this would corrupt the 3D reconstruction. Selecting the RR intervals of interest during the recording may solve this problem. However, this was not a major limitation to our study, as only one of the dropouts in our study was due to unstable ECG. Subjects who are unable to hold their breath for a short period of time will be excluded, as a minimum of time is required to cover the region of interest.
Although the acquisition time was short, postprocessing was time-consuming. Storage on the image replay buffer took around 1 min and transfer of raw data approx. 30 seconds. In the most time-consuming method in the aortic recordings (method C), 3D reconstruction in EchoPAC 3D and processing in MATLAB to calculate CO took 10 min. Acquisition and data processing of mitral blood flow took approx. 20 min altogether. As a tool for research this is fast enough, but as a clinical tool on-line applications are required. However, the method is well suited for further automization with on-line measurement of CO.
Finally, this study was conducted on young healthy volunteers, and one should be careful in generalizing the feasibility of the method in all clinical settings.
Conclusion
The range of agreement between 3D mitral and 3D aortic blood flow was good, with a bias of no more than 0·04 l/min. The common pitfalls in pulsed wave ultrasound methods to calculate CO were avoided, as the 3D method was angle-independent, no assumptions about the velocity profile were made, and a moving sample surface was applied. The acquisition of data was fast and easy and high temporal resolution was achieved.
